ABSTRACT: We synthesized extremely deformable red blood cell-like microgel particles and loaded them with bovine hemoglobin (Hb) to potentiate oxygen transport. With similar shape and size as red blood cells (RBCs), the particles were fabricated using the PRINT (particle replication in nonwetting templates) technique. Low cross-linking of the hydrogel resulted in very low mesh density for these particles, allowing passive diffusion of hemoglobin throughout the particles. Hb was secured in the particles through covalent conjugation of the lysine groups of Hb to carboxyl groups in the particles via EDC/NHS coupling. Confocal microscopy of particles bound to fluorescent dye-labeled Hb confirmed the uniform distribution of Hb throughout the particle interior, as opposed to the surface conjugation only. High loading ratios, up to 5 times the amount of Hb to polymer by weight, were obtained without a significant effect on particle stability and shape, though particle diameter decreased slightly with Hb conjugation. Analysis of the protein by circular dichroism (CD) spectroscopy showed that the secondary structure of Hb was unperturbed by conjugation to the particles. Methemoglobin in the particles could be maintained at a low level and the loaded Hb could still bind oxygen, as studied by UV−vis spectroscopy. Hb-loaded particles with moderate loading ratios demonstrated excellent deformability in microfluidic devices, easily deforming to pass through restricted pores half as wide as the diameter of the particles. The suspension of concentrated particles with a Hb concentration of 5.2 g/dL showed comparable viscosity to that of mouse blood, and the particles remained intact even after being sheared at a constant high rate (1000 1/s) for 10 min. Armed with the ability to control size, shape, deformability, and loading of Hb into RBC mimics, we will discuss the implications for artificial blood.
■ INTRODUCTION
Synthetic oxygen carriers have long been pursued as blood substitutes to supplement or even replace blood transfusions, because donor blood has limited availability, infectious risks, and also requires cross-matching.
1−3 The short 42-day shelf life of donated blood also intensifies the shortage of blood. 4 Great efforts have been devoted to the synthesis of blood substitutes, especially hemoglobin-based oxygen carriers (HBOCs), which employ the oxygen carrying molecule hemoglobin (Hb) that has been isolated from red blood cells (RBCs) . Hemoglobin (∼64 kDa) is a tetramer of two α and two β subunits, each of which has an iron-containing heme group, capable of binding to oxygen. 5 Outside of a cell, free Hb is cleared quickly (half-life of 0.5−1.5 h) from the circulation by the kidney due to dissociation into two dimers (αβ), causing severe renal toxicity 6 and many other adverse effects, including vasoconstriction and hemorrhagic lesions. 7 Techniques to solve (partially) these problems have been explored, including cross-linking or polymerizing Hb molecules and conjugating Hb to other polymers. 8 However, these protein modifications resulted in altered oxygen affinity and cooperativity that led to some adverse effects, such as increased vasoactivity. Recent research on HBOCs has mainly focused on encapsulation of Hb into nanosized carriers such as liposomes, 9 ,10 polymersomes, 11, 12 micelles, 13 nanogels, 14, 15 and porous nanoparticles. 16 In most of these studies, concentrated Hb solutions were mixed with lipids or polymers, from which the self-assembled structures entrapped Hb solutions inside. One challenge with HBOCs is the facile autoxidation of oxyhemoglobin into methemoglobin (metHb), 17 an inactive version of the protein that no longer functions in carrying oxygen. In RBCs, metHb is converted back into Hb by enzymes present in the cells. In HBOCs, reducing agents as well as enzymes have been successfully employed to help maintain low levels (<10%) of metHb even after 12 months. 18 Another remaining concern on HBOCs is their insufficient circulation times, much shorter than that of native RBCs (∼120-day life span; 28-day half-life from donor blood), leaving enormous room for improvement. Most reported half-lives of HBOCs were limited below 50 h regardless of the species tested, though a 65-h half-life was reported for one liposomebased HBOC in rabbits. 19 Macrophages in the mononuclear phagocyte system (MPS) 20, 21 are very efficient in removing foreign particles through the process of engulfing them by the cell membrane (phagocytosis), which depends on size, shape, and surface characteristics of the particles. 22 To increase the circulation times of HBOCs based on nanoparticles, wellestablished strategies for the evasion of the MPS, including size control and surface PEGylation, 23 have been applied to HBOCs to prolong the circulation times. Besides size and shape, there are several papers that show that even particle modulus or deformability plays a significant role in determining the rate of particle internalization by macrophages through phagocytosis. 24, 25 One characteristic of RBCs that make them long circulating, along with their shape and specific surface protein, is their high deformability, which enables RBCs to pass through restrictions in the vasculature that are smaller than the RBC diameter. Previously, it was believed that man-made microparticles would be cleared from the circulation very quickly due to mechanical filtration in small blood vessels; 26 to the best of our knowledge, no prior strategies have employed "large" microparticles with size similar to RBCs for HBOCs. A recent study in our group challenged this long-standing dogma by mimicking the size, shape, and deformability of RBCs with hydrogel microparticles. 27 We showed that very deformable microparticles that were similar in size and shape to RBCs could bypass in vivo restrictions, leading to dramatic increases in circulation times (∼94-h half-life in Balb/c mice).
In this current study, we extend our mimicry of RBCs further with the incorporation of bovine Hb into RBC mimicking (RBCM) particles, paving the way toward new oxygen carriers. Although there have been concerns with the use of nonhuman Hb regarding immunogenicity, there is no firm evidence that pure bovine Hb can cause immunological disorders. So far, human and bovine hemoglobin have been the major raw materials used in the manufacture of HBOCs. Hemopure (OPK Biotech, MA) and PEG-hemoglobin (Enzon, NJ) both use bovine Hb to make HBOCs, and they are considered very poor immunogens. 28 Therefore, if bovine hemoglobin is purified with care to remove other immunogenic proteins in blood, the concern can be minimized. These RBCM microparticles were fabricated using the PRINT (particle replication in nonwetting templates) technique developed in our laboratory. 29 A very low amount of cross-linker, poly(ethylene glycol) diacrylate (MW = 4000 g/mol; abbreviated as PEG4kDA) was used to lightly cross-link the particles made of triethylene glycol acrylate (TEGA) and 2-carboxylethyl acrylate (CEA). In addition to providing these microgels with a low modulus similar to that of RBCs, the low mesh density allowed Hb molecules to diffuse into the interior of the particles. The activated carboxyl groups of CEA and amine groups of lysine in Hb could be conjugated to achieve a high loading ratio of Hb to polymer. The particles remained highly deformable after conjugating moderate amounts of Hb, and the secondary structure of Hb was retained. The conjugated Hb in the particles could still bind oxygen while a concentrated suspension of the particles with [Hb] = 5.2 g/dL had similar viscosity to mouse blood.
■ EXPERIMENTAL SECTION
Materials. Acryloyl chloride, triethylene glycol, CEA, 1-hydroxycyclohexyl phenyl ketone (HCPK), fluorescein-o-acrylate, bovine Hb, Dulbecco's phosphate buffer saline (PBS), potassium cyanide (KCN) and potassium ferricyanide (K 3 Fe(CN) 6 ), sodium dithionite, ascorbic acid, and carbon monoxide were all received from Sigma-Aldrich. PEG4kDA and methacryloxyethylthiocarbamoyl rhodamine B (PolyFluor 570) were from Polysciences, Inc. Sulfo-N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), fluorescein-NHS, rhodamine-NHS, AF488-bovine serum albumin (BSA), and 2-(N-morpholino) ethanesulfonic acid (MES) buffer were all received from Thermo Scientific. Perfluoropolyether molds were received from Liquidia Technologies. Sylgard 184 for making microfluidic devices was from Dow Corning. DI water was used and all the other organic solvents were received from Fisher Scientific.
Synthesis of Triethylene Glycol Acrylate (TEGA). TEGA was synthesized from reacting acryloyl chloride with triethylene glycol at a 3:7 molar ratio to obtain a larger fraction of the monofunctional monomer. The reaction was modified from a previous report. 30 See Supporting Information for more details.
Synthesis of Dye-Labeled Hb. To 1 mL of Hb solution (20 mg/ mL) in borate buffer (pH = 8.5), 220 μL of DMF solution of fluorescein-NHS or rhodamine-NHS (10 mg/mL) was added and allowed to react at RT for 1 h. The resulting solution was transferred to Slide-A-Lyzer dialysis units (Thermo Scientific) with a cutoff size of 20 kDa. The dye-labeled Hb solution was dialyzed against 1 L of DI water for 12 h (water changed twice) to completely remove the excess dye-NHS. The purified dye-Hb solution was collected into an eppendorf tube covered by aluminum foil and stored at 4°C before use.
Synthesis of Poly(TEGA-co-CEA). A mixture of TEGA (899 mg) and CEA (100 mg) with 1% HCPK (1 mg) was purged with nitrogen for 15 min. Deoxygenated methanol (6 mL) was added to the monomer mixture to obtain a homogeneous solution. The solution was irradiated by UV light (λ = 365 nm, power = 20 mW/cm 2 ) for 8 min under a nitrogen purge. After curing, water was added to the polymer solution and dialyzed using a Slide-A-Lyzer dialysis unit with a cutoff size of 3 kDa. The dialyzed polymer solution was lyophilized to weigh the dry sample. About 5 mg of the dry polymer was dissolved in 1 mL of filtered DMF and subjected to GPC (Waters) analysis on the molecular weight using PEO standard.
Modulus Testing. Macroscopic coupons of the prepolymer mixtures were polymerized via UV light (λ = 365 nm, power = 20 mW/cm 2 ) for 8 min in a Teflon mold. The cross-linked samples were removed from the mold, weighed, and measured and then placed in pH = 7.4 PBS buffer for 24 h to fully hydrate. The coupons were patted dry with paper towels and weighed again prior to testing with an Instron 5556 Universal Testing Machine with a strain rate of 5 mm/min. The modulus was calculated from fitting the stress−strain curve within 10% strain.
Particle Fabrication. The prepolymer mixture was spread onto a mold that was chilled to 2−5°C (to prevent evaporation of the prepolymer solution prior to UV-curing) on a custom-built laminator platform. A poly(ethylene terepthalate) (PET) sheet was laminated to the top of the mold and prepolymer solution, wetting the total mold area. The sheet was peeled away at the nip point of the laminator, leaving the wells of the mold filled while wicking away excess solution. The filled mold was immediately transferred into a chilled (2−5°C), nitrogen-purged UV oven and cured with UV light (λ = 365 nm, power = 20 mW/cm 2 ) for 3 min. After curing, the filled mold was placed face down and laminated onto a thin film of 0.1% poly(vinyl alcohol) (PVOH, 2000 g/mol, Acros) casted on another PET sheet. This assembly was placed on the chilled plate of the laminator for 1 min, and then the mold was peeled away, leaving the particles transferred onto the PVOH film because the dry particles were very sticky, as confirmed by the bulk sample. By adding PBS to dissolve the PVOH film on the PET sheet, the particles became dispersed into PBS, which was collected to harvest the particles. The resulting particle suspension in PBS was spun down and washed by PBS to remove the soluble fractions and excess PVOH three times. Finally, particles were suspended in PBS containing 0.1 wt % PVOH (22000 g/mol) for subsequent experiments. The concentration of particle suspensions was determined by thermogravimetric analysis (TGA) on a PerkinElmer Pyris TGA. Both the suspension and the supernatant after spinning down the particles were subjected to TGA at the same volume (20 μL) to obtain the dry weight. The difference in the weight divided by the volume was the concentration of that particle suspension. Particle Characterization. Particle dimensions were determined by analysis of images taken from a microscope mounted camera (Zeiss AxioCam MRm) using a 100× objective (Zeiss Axio Imager D.1M). Over 50 fully hydrated particles in PBS were measured for each case. The ζ-potentials for particles were measured on a Malvern nano-ZS zetasizer. The particle suspension was spun down and washed three times to remove PVOH, and resuspended into 0.1× PBS for the measurement at a concentration of around 0.3 mg/mL. All the experiments were performed at 25°C.
Protein Conjugation to Particles and Polymers. In a typical reaction of Hb to particles, to 0.4 mg particles suspended in 0.5 mL of MES buffer (pH = 4.5) was added 100 μL of EDC solution in MES (0.7 mg/mL) and 100 μL of sulfo-NHS solution in MES (2 mg/mL). The resulting suspension was allowed to shake at RT for 20 min. Then the particles were spun down at 10000 g centrifugation and washed three times with PBS to remove excess EDC, sulfo-NHS. The particles were resuspended into 200 μL of PBS; to this suspension, different amounts of Hb (from 0.2 to 4 mg) were added and the final volume of reaction was remained at 0.4 mL. The conjugation continued for 12 h at 4°C in a shaker (Eppendorf) at 1000 rpm. After reaction, the resulting Hb-particles were washed three times in PBS and resuspended into 0.4 mL of PBS for future characterizations. Dyelabeled Hb and AF488-BSA were conjugated to the particles following a similar protocol. To calculate the loading ratio of BSA, a Coomassie assay was used to measure the depletion of BSA in the solution after conjugation with the particles.
To conjugate Hb to poly(TEGA-co-CEA), the polymer was dissolved in MES buffer and added with EDC, sulfo-NHS similarly to the above procedure for particles. After activation for 20 min at RT, the solution was added with PBS and filtered using a centrifugal filtering device (cutoff size = 3 kDa; Millipore) to quickly remove excess EDC/NHS and increase the pH to 7.4. To the resulting solution containing 1 mg/mL polymer, Hb (2 mg/mL) was added and the reaction continued for 6 h at 4°C. After the reaction, the solution was purified using a centrifugal filtering device with cutoff size of 100 kDa to remove unconjugated Hb.
CSLM Study of Model Particles. CLSM images were collected with an Olympus FV 500 microscope with filters optimized for fluorescein dye in the RBCMs. Images were taken using a 60× oil objective lens. Confocal sections were collected in the image scan x− y−z mode. A single particle that was vertically standing on the slide was chosen. By focusing both the bottom and top of that particle, the starting and ending focus positions were selected with an increment of 0.414 μm. The scanning of the sections generated a series of images, which were reconstructed into a 3D view using the software MetaMorph.
Reduction of metHb and Hb Binding to Carbon Monoxide (CO) and Oxygen. To Hb-particle suspension in PBS, the particles were spun down and resuspended in deoxygenated PBS (deoxy-PBS: PBS purged with argon for 30 min). Sodium dithionite (10 equiv molar ratio to Hb) dissolved in deoxy-PBS was added to the particle suspension, and the reduction continued at RT for 5 min. Excess dithionite was removed by spinning down particles and washing with deoxy-PBS three times, followed by addition of ascorbic acid (10 mM). CO was purged to reduced Hb-particle suspension to convert deoxyHb to CO-Hb with the suspension in a tube covered by aluminum foil. When CO-Hb-particle suspension was purged with air for 20 min under light, oxygen could replace CO to bind Hb.
UV−Vis Spectroscopy of Hb and Hb-Particles. The UV−vis spectra were measured on a Cary-50 UV−vis spectrometer in the wavelength range of 200−800 nm. The scan rate was 300 nm/min with 0.5 nm intervals. PBS solution was used as the background and subtracted. For the determination of total Hb concentration in solution, a standard curve of cyanmethemoglobin was obtained by measuring the absorbance of the cyanmetHb solution at 540 nm with concentrations of 0.05, 0.1, 0.2, 0.4, and 0.8 mg/mL. The metHb level was measured by adding 15 μL KCN (10 wt % solution) to the Hb containing solutions/suspensions (1 mL) and the difference in the absorbance at 540 nm before and after addition of KCN was used to calculate the metHb concentration. 15 To test the metHb formation over time, the reduced Hb-polymer solution was dispensed as 1 mL aliquots into multiple Falcon tubes (50 mL) with the top of solution filled with air in the tubes. The concentration of the particles used for the UV−vis spectroscopy was only 0.05 mg/mL, with Hb concentration of 0.14 mg/mL to ensure absorbance lower than 1. With the low concentration used, light scattering became minimal.
Circular Dichroism (CD) Spectroscopy Studies. The CD spectra of unmodified Hb, Hb physically mixed with RBCM particles, and Hb-RBCM particles were recorded using a Chirascan Plus CD spectrometer (Applied Photophysics, Inc.) at 23°C. Each sample was diluted in 10 mM K 2 HPO 4 buffer (pH = 7.2; K 2 HPO 4 buffer was used to avoid the absorbance below 200 nm associated with the chloride in PBS), and the buffer spectrum was subtracted. The step resolution was kept at 0.5 nm/data point, and the bandwidth and sensitivity were 1 nm and 20 millidegrees, respectively. Particles lightly loaded with Hb (R = 0.4) were used for the CD study because higher Hb loading resulted in increased light scattering that interfered with the measurement. 31 For the determination of secondary structure change, the samples were diluted to contain 0.16 mg/mL Hb, with particle concentration maintained at 0.4 mg/mL where applicable. The samples were scanned from 190 to 260 nm, with the scan speed maintained at 50 nm/min. To record the Soret CD bands, each sample contained 1 mg/mL Hb and was scanned from 350 to 450 nm with a path length of 1 mm, and eight accumulations. The higher concentration of Hb (1 mg/mL) was used for the Soret CD spectra because the absorbance of Hb in this wavelength range is much weaker than that in far UV.
Microfluidics. Microfluidic devices were fabricated from silicone (Sylgard 184, Dow Corning) sealed to glass after treatment with oxygen plasma, with flow driven by a syringe pump (Harvard) at a fixed rate (0.06 mL/min). Dilute solutions of Hb-particles (1−5 μg/ mL in PBS with 0.1% PVOH) were pumped through the channel and observed with a fluorescence microscope (Olympus IX81). Videos were taken with a CCD camera (Hamamatsu). Particle stretching was analyzed with ImageJ (NIH) software.
Rheological Measurement. A rotational rheometer (ARES-G2, TA Instruments) was used for the measurement of viscosity at different shear rates. To obtain fluid packed with more particles, the particle suspension was spun down and decanted to adjust the volume fraction of the pellet to the overall fluid volume. Briefly, for a 10 mL suspension containing 10 mg of particles (only considering the weight of the polymer), the volume of the pellet after centrifugation at 8000 g for 8 min was around 100 μL. The volume of PBS buffer on top of the pellet could be decanted to be 150 μL, resulting in a packed particle volume fraction of 40%. The final hemoglobin concentration A total of 200 μL of blood or particle suspension ([Hb] = 5.2 g/dL; R = 1.3) was loaded onto the rheometer stage. The stainless steel plate had a diameter of 40 mm with a cone angle of 0.0399 rad. The samples were sheared from 0.1 to 1000 1/s within 3 min, while the temperature was maintained at 25°C. The mouse blood samples were collected from Balb/c mice into heparinized eppendorf tubes kept at 4°C and tested within 24 h.
Cytotoxicity Study. Human umbilical vein endothelial cell (HUVEC) or HeLa cells were seeded in 200 μL of media (HuMEC containing HuMEC supplement and bovine pituitary extract or MEM containing Earle's salts and both supplemented with 10% fetal bovine serum) at a density of 5000 cells per cm 2 into a 96-well microtiter plate. Cells were allowed to adhere for 24 h and subsequently incubated with RBCM particles at concentrations ranging from 200 to 1.56 μg/mL for 72 h at 37°C in a humidified 5% CO 2 atmosphere. After the incubation period, all medium/particles were aspirated off cells. The ATP-luciferase assay requires 100 μL of fresh medium, which was added back to cells, followed by the addition of 100 μL of CellTiter-Glo Luminescent Cell Viability Assay reagent (Promega). Plates were placed on a microplate shaker for 2 min, then incubated at room temperature for 10 min to stabilize luminescent signal. The luminescent signal was recorded on a SpectraMax M5 plate reader (Molecular Dynamics). The MTS [(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)] viability assay utilizes 20 μL of CellTiter 96 AQueous One Solution Reagent (Promega) into each well of the 96-well assay plate containing the samples in 100 μL of culture medium. Plates were incubated at 37°C for 1−4 h in a humidified, 5% CO 2 atmosphere. The absorbance at 490 nm was recorded using a SpectraMax M5 plate reader (Molecular Dynamics). The viability of the cells exposed to the RBCM particles was expressed as a percentage of the viability of cells grown in the absence of particles.
■ RESULTS AND DISCUSSION
Fabrication and Characterization of RBCM Particles. Unlike all the other Hb carriers reported previously, like liposomes, which were fabricated from "bottom-up" selfassembly processes, our RBCM particles were fabricated using a "top-down" method called PRINT. The PRINT technique developed in our laboratory allows for fabrication of nonspherical, shape-specific particles with exactly defined size through use of elastomeric fluoropolymer molds. 32 Photopolymerizable liquid monomers filled into wells in the molds can be UV-cured to form particles, which can be transferred out by adhesion to a dissolvable sacrificial film (scheme in Figure 1A ). When hydrophilic monomers are used with PRINT, the resultant particles swell to larger diameters with hydration while maintaining the same aspect ratio of the original mold. By varying the amount of cross-linker, the swelling and deformability of the hydrogel particles can be easily tailored. Meanwhile, different molds with cavities of varying sizes could be used, allowing us to make populations of particles of defined size, shape with controlled elasticities. RBCM particles discussed herein were composed primarily of triethylene glycol acrylate (TEGA), a nonvolatile hydrophilic monomer suitable for the PRINT process, which was synthesized in our laboratory (see Supporting Information). By copolymerizing 10 wt % 2-carboxylethyl acrylate (CEA) with TEGA initiated by HCPK under UV irradiation, the particles were charged with reactive carboxylic acids for the conjugation with primary amines on Hb. The size and shape of the particles were controlled by the dimensions of the cavities in the mold.
Macroscopic coupons polymerized from TEGA and 10 wt % CEA with a varying percentage of PEG4kDA cross-linker were made to estimate both the swelling characteristics and the deformability of the microparticles by correlation to the bulk properties. Using 1 wt % or less of the PEG4kDA cross-linker resulted in a bulk modulus below 20 kPa for the hydrated gels; lower than the reported modulus for RBCs (26 ± 7 kPa). 27 Modulus plays an important role in governing the in vivo circulation times and biodistribution of microparticles. 27 Long circulating RBCM particles require sufficient deformability to traverse in vivo restrictions, with lower modulus particles more readily able to deform to this end. To maximize the potential of these particles for long circulation times, we lowered the amount of PEG4kDA to only 0.05 wt %, resulting in hydrogels with a modulus of 6.5 kPa. The bulk sample swelled to roughly three times the original diameter with equilibrium hydration, with water content increasing to 96.7 wt %.
Based on the swelling observed in the bulk hydogels, elastomeric fluoropolymer molds with patterned wells of 2 μm in diameter and 0.6 μm in height were used to fabricate particles cross-linked with 0.05 wt % PEG4kDA. Figure 1B shows particles with polymerized rhodamine dye confined in the mold. Once transferred out of the mold and suspended in PBS, the particles hydrated and swelled to 6.3 μm in diameter and 1.8 μm in height ( Figure 1C) .
The ζ-potential of the particles was −23 mV in 0.1× PBS. The negative charge was due to the presence of CEA in the particles. These RBCM particles were very stable in PBS; there was no obvious sedimentation observed after 1 week without agitation. This is expected because of the very high water content in the particles. The integrity of the particle network was stable for over six months, with no signs of degradation seen via microscopic examination. In addition, following centrifugation at 10000 g for 6 min to pellet the particles, the supernatant remained colorless, indicating no release of the rhodamine dye due to particle degradation. The chemical and colloidal stability suggest that these particles are amenable to use as RBC mimics.
Conjugation of Hb into the RBCM Particles. To avoid the complications of allosteric effectors such as 2,3-diphosphoglycerate, which are required for the native operation of human Hb, 33 we used bovine Hb. Bovine Hb only requires chloride ion for native operation, 34 which can be provided by buffers like PBS and is present in the blood. The conjugation of bovine Hb to the particles was carried out using EDC/sulfo-NHS chemistry to couple carboxylic acids in the particles to amines of the lysines of Hb 35 ( Figure 2A ). In the first step, carboxyl groups in the particles were activated by EDC/sulfo-NHS in 0.1 M MES buffer with pH = 4.5. Then the activated particles were transferred to PBS (pH = 7.4) after removing excess EDC and sulfo-NHS. Bovine Hb was added to react with the amine-reactive NHS esters in the particles. A low concentration of particles (1 mg/mL) was employed during reaction to avoid interparticle cross-linking by Hb to form larger aggregates. Sulfo-NHS was also used to maintain the negative charge of the particles, helping to avoid aggregation.
We confirmed that Hb had indeed reacted with the particles by directly observing the particles conjugated with dye-labeled Hb under a fluorescent microscope. Both fluorescein-and rhodamine-labeled bovine Hb were synthesized using the corresponding dye-NHS to react with Hb at a molar ratio of 15:1. Excess dye-NHS was used to ensure Hb molecules were labeled with several dye molecules per protein. There are 42 lysine amino groups on the surface of a single Hb molecule; 36 therefore, the dye-labeled Hb possessed multiple unfunctionalized amine groups for use in coupling to the particles. After reacting with dye-free particles through the EDC/sulfo-NHS coupling method, the resulting particles obtained fluorescence arising from the dye-labeled Hb ( Figures 2B and S1 in Supporting Information).
To determine whether the dye-Hb was covalently conjugated to the RBCMs or more loosely associated via noncovalent interactions, we fabricated fluorescein-labeled particles by copolymerizing fluorescein-o-acrylate into the polymer network. We incubated the particles with rhodamine-tagged Hb (Rh-Hb) in PBS overnight, then pelleted and washed them three times to remove unassociated protein. The washed particles had no fluorescence in the Rhodamine channel under a fluorescent microscope, indicating a lack of nonspecific binding of Hb to the RBCMs. Considering that Hb acquires slightly negative charge at pH = 7.4 (pI = 6.8), 37 a lack of electrostatically driven association with negatively charged particles is reasonable. In contrast, when the particles were first activated by EDC/sulfo-NHS and then incubated with RhHb followed by washing, they displayed red fluorescence from the covalently conjugated Rh-Hb ( Figure 2D ). The red fluorescence from rhodamine overlapped perfectly with the green fluorescence from fluorescein ( Figure 2E ). The covalent conjugation of Hb into the RBCM particles was also confirmed by FTIR spectroscopy ( Figure 2F) . The peaks at 1650 and 1550 cm −1 corresponding to the amides I and II region of hemoglobin 38 were also present in the spectrum of the Hb-RBCM particles, which were thoroughly washed to remove unassociated Hb. The peak at 1579 cm −1 , characteristic of the carboxylate moiety that was consumed by the conjugation chemistry, 39 was attenuated in the Hb-RBCM particle sample, indicating a decrease in the prevalence of this functionality as a result of conjugation to Hb. Combining the spectroscopic result from FTIR and the microscopic observations, we concluded Besides Hb, other proteins bearing lysine groups on the surface could possibly also be conjugated into the particles. We used Alexa Fluor 488 (AF488) labeled bovine serum albumin (BSA) as a representative protein to demonstrate this. By incubating AF488-BSA with activated dyeless particles, the resulting particles gained fluorescence from AF488 ( Figure S2 ), indicating covalent conjugation of BSA to the particles.
Confocal Studies of the Hb-RBCM Particles. While the free volume fraction was very high in the particles due to the low mesh density and high water content, we wanted to determine if the protein was distributed throughout the bulk of the particles or limited to the surface. For these experiments, we made larger (18 μm tall, 18 μm diameter cylinders) hydrogel particles with identical composition to facilitate confocal imaging analysis. These large model particles, which were fabricated without the inclusion of a fluorescent dye, were allowed to react with fluorescein-Hb under the same conditions as discussed above. Confocal laser scanning microscopy (CLSM) was used to scan the particles at various cross sections due to the narrow depth of focus of this technique. We randomly selected a representative particle and collected a stack of scans in the xy plane while varying the focal depth in the z direction to cover the entire particle. All of the xy scans obtained showed fluorescence associated with the covalent attachment of fluorescein-Hb to the particle matrix (Video 1 in SI), indicating that Hb had been distributed throughout the particle interior. A reconstructed 3D view of the model particles is shown in Figure 3 , with orthogonal cross-section views of the representative particle. Although the particles used for the confocal experiments were larger than the ∼6 μm RBCMs, they were polymerized under the same condition with identical compositions and it is reasonable assumption that the mesh size, which depends on cross-linker density, in both sets of particles were similar.
Hb Loading Efficiency of RBCM Particles. By varying the initial Hb concentration for the conjugation, the loading ratio of Hb into the RBCM particles could be adjusted. We define the weight ratio of conjugated Hb to the polymer network of particle as the loading ratio, R. The maximum theoretical value of R would be greater than 60 for the case of every carboxyl group in the particles being conjugated to one Hb molecule. While steric effects make saturation unlikely, we observed that very high loading resulted in the undesirable effects of particle aggregation and sedimentation. Loading ratios as high as 5.1 were obtained without any observable aggregation or sedimentation effects. The loading ratio was changed by varying the amount of Hb added to a fixed amount of carboxylactivated particles (1 mg/mL; Figure 4A ). The amount of Hb loaded into the particles was determined by measuring depletion of free protein in the supernatant solution by UV− vis spectroscopy through adaption of the standard cyanometHb method. 15 Briefly, K 3 Fe(CN) 6 was added to the Hb solution (containing oxyHb, deoxyHb, and metHb) to convert all the Hb into metHb, followed by the addition of KCN to convert metHb into cyanmetHb, the concentration of which was readily quantified via UV−vis spectroscopy. The encapsulation efficiency for these particles was defined as the amount of the Hb loaded into particles divided by the overall starting amount of Hb. Generally, incubation of particles with higher concentrations of Hb led to increased R and decreased encapsulation efficiency ( Figure 4A ). The highest stable loading achieved, with R = 5.1, resulted in an encapsulation efficiency reduced to 50%. Although the encapsulation efficiency was not very high for higher Hb loadings, unbound Hb could be collected from the particles and reused for conjugation. The size of the particles decreased slightly with increased Hb loading ( Figure 4B ).
High loading of Hb into oxygen carriers is desirable for blood substitutes, which would require large doses administered with high concentration of Hb to have oxygen carrying capacity similar to that of blood. The high Hb concentration in normal blood (14 g/dL) has been approached by some HOBCs (5−10 g/dL 6 ). The weight ratio of Hb to the lipids (as in liposomes) or polymers (in polymersomes) used to constitute those carriers, similar to R defined above, has varied widely in different cases, from 0.3 to 9.36. 40 The values of R here arose from RBCM particles that were composed of only 10% of a monomer capable of conjugation to Hb (CEA). It is possible that even higher loading ratios could be obtained when the amount of CEA in the particles is increased.
CD and UV−Vis Spectroscopic Study of Hb Loaded into the RBCM Particles. Retention of the structure and activity of the encapsulated Hb is a crucial consideration for the application of this protein toward carrying oxygen. The secondary structure of proteins is essential to their function; retention of this structure can be used to infer protein activity. 41 Protein secondary structure can be monitored by far UV-CD spectroscopy. 42 We measured the UV-CD spectra, in the range of 185 to 260 nm, for Hb conjugated to RBCM particles, a mixture of particles and free Hb, and unmodified free Hb in identical buffer conditions to look for structural changes in the protein ( Figure 5A ).
The strong maximum at 194 nm and double minima at 208 and 222 nm in the CD spectrum of free Hb ( Figure 5A ) are characteristics of α-helix. 43 The CD spectrum of the suspension Figure 3 . 3D reconstruction view of fluorescein-Hb conjugated particles observed using the xyz scan mode of the confocal laser scanning microscope, with the inset showing orthogonal cross-section views of a representative particle (indicated by the white arrow). The fluorescent protein seems to be homogenously distributed throughout the hydrogel particle. of particles mixed with free Hb (Hb+particles) was very similar to the spectrum of free Hb, with the peak at 194 nm slightly decreased in intensity. A suspension of particles in the absence of Hb had more absorbance around 200 nm than at higher wavelength ( Figure S3) ; the decreased intensity might be attributed to the absorbance of particles in this wavelength range. For Hb conjugated to the particles (Hb-c-particles), the peak positions were the same, with slightly decreased intensity at 208 nm, and a larger dip in intensity at 194 nm. The isodichroic point, where the molar absorptivity is the same for protein at different concentrations, 44 was determined to occur at 203 nm by measuring the CD spectra of Hb solutions at different concentrations and finding the point of convergence ( Figure S4 ). When the sample of Hb-c-particles was half diluted and subjected to CD study, the obtained spectrum also crossed over the same point ( Figure 5A ). So the percentage helicity of Hb in the particles could be assessed by comparing the ellipticity at 222 nm. 45 As the minimum at 222 nm for Hb-cparticles only shows minor different from that of free Hb, we can conclude that the percentage helicity of Hb conjugated to particles was close to native Hb, indicating negligible change in the secondary structure of Hb-c-particles.
Although it has been reported that secondary structure of Hb could be changed when interacting with nanoparticles due to hydrophobic interactions or changes in ionic strength near the particles, 38 ,46 we do not anticipate this effect in our case as the microgels are very soft and hydrophilic, and the large pores in the particles allowed the ions of PBS to diffuse into the interiors fairly easily to maintain uniform ionic strength. In a recent study where bovine Hb was conjugated to high molecular weight poly(acrylic acid) using similar coupling chemistry, the authors observed the secondary structure of Hb to be unchanged. 43 The Soret CD of Hb, arising from the interaction between π−π* transition of the heme groups and the surrounding aromatic amino acids, is greatly influenced by the orientation and position of the aromatic amino acid residues. 47, 48 Changes in the Soret CD of Hb can be an indication of differences in the heme environment as well as the electronic state of the heme. The Soret CD of Hb, Hb+particles, and Hb-c-particles were recorded in the wavelength range of 350 to 450 nm in Figure  5B . Comparing the three spectra in Figure 5B , the peak positions at 416 nm remained unchanged, implying that the heme environment was well preserved in the conjugated Hb compared to the starting Hb. The reduction in the peak intensity was most likely caused by light scattering. 49 The electronic state of heme was in the oxidized form for all three samples as the starting Hb had mostly been automatically oxidized into metHb, which is unable to bind oxygen.
To obtain Hb-RBCM particles capable of binding oxygen with low metHb, the suspension of Hb-RBCM particles was added with reducing agents. Sodium dithionite (10 mol equiv to total Hb concentration) was first added to reduce metHb back to deoxyHb, and excess dithionite was removed by spinning down the particles and decanting three times. Then ascorbic acid (10 mM) was added to the suspension for longterm reduction. Sodium dithionite is very efficient in reducing metHb back to deoxyHb; however, excess dithionite may be oxidized by residual oxygen in solution to generate reactive oxygen species (ROS) that in return would accelerate the oxidation of Hb.
17 Figure 5C shows the UV−vis spectra of Hbparticle (R = 2.8) suspension. The as-prepared particle suspension showed a Soret peak at 405 nm, characteristic of metHb. After reducing iron(III) back to iron(II) by dithionite, the Soret peak moved to 430 nm, characteristic of deoxyHb. 50 Carbon monoxide could bind to deoxyHb in the particles to shift the Soret peak to 419 nm. 13 To the carbonized Hb-particle suspension, air was bubbled for 20 min under light, and the spectrum of the resulting suspension showed a Soret peak at 412 nm, characteristic of oxyhemoglobin, along with two feature peaks at 542 and 576 nm. 51 An indirect method was used to estimate the metHb level in the particles. Generally, the difference in absorbance at 540 nm of a hemoglobin-containing solution before and after addition of KCN can be used to calculate the metHb concentration using UV−vis spectroscopy. 15 Because the absorbance at 540 nm is much lower than that at the Soret peak, accurate measurement would require a higher concentration of Hb (therefore, higher particle concentration) than that used for the UV−vis spectra in Figure 5C . However, a higher concentration of particles would cause more light scattering that interfered with the absorbance measurement. To circumvent this problem, we polymerized TEGA with 10 wt % CEA and 1 wt % initiator but without cross-linker to make un-cross-linked polymer that could represent the formulation of the particles. The resulting polymer (M n = 41 kDa, M w = 233 kDa) was conjugated with Hb (see SI) to generate poly(TEGA-co-CEA)-Hb conjugate in which the loading ratio was 0.8 (high loading ratio would result in polymer precipitation). The poly(TEGAco-CEA)-Hb conjugate was reduced by sodium dithionite, and excess dithionite was removed. Ascorbic acid (10 mM) was added to the resulting solution with [Hb] = 5 mg/mL. For asprepared, unreduced Hb-polymer solution, the metHb level is 75%, similar to the metHb level (69%) in the stock solution of Hb. The metHb level immediately after the reduction dropped to 1.4%. The solution was kept under aerobic condition, and the metHb formation over time was measured over 1 month, as summarized in Figure 5D . After 1 month, the metHb level rose to 25%, and within 10 days the metHb did not exceed 10%.
Mechanical and Fluidic Properties of Hb-RBCM Particles. The RBCM particles were fabricated from a low modulus material to take advantage of the increased circulation times seen with such highly deformable RBC-like microgels. 27 However, it stands to reason that the cargo loaded into these gels (Hb) could increase the modulus of the resultant gels. To test the effect of loading these gels with Hb on the elastic modulus, we incubated bulk polymer samples with Hb and carried out the conjugation under identical conditions used for Hb conjugation to particles. At low loading of Hb, this strategy seemed to be effective; the modulus of bulk samples with loading ratio of 0.38 increased somewhat compared to Hb-free polymer gel, with E = 9.1 and 6.5 kPa, respectively. However, higher loadings of Hb could not be obtained, likely as a result of the vastly reduced surface area to volume ratio in the bulk samples compared to the microparticles. The diffusion-limited conjugation reaction was likely much slower in the bulk samples, leading to hydrolysis of the reactive NHS ester before reaction could proceed fully.
To directly evaluate the deformability of the Hb-loaded particles, microfluidic devices packed with constricted pores were used ( Figure 6A ). Microfluidic devices modeling the vascular constrictions have been explored to evaluate the behavior of cells, 52 including natural and diseased RBCs 53 and synthetic RBC mimics. 54 In our previous study, 27 we found that more flexible particles that could pass through the constricted pores of these devices circulated for longer times in vivo. Because the size of the Hb-RBCM particles with different R values were all close to that of blank particles, we reasoned that these devices would provide a qualitative measure of particle deformability as Hb content was increased. We designed a 3 μm tall channel with pores that were 3 μm wide and 50 μm long and repeated many times over the length of the device. The device design ( Figure 6A ) included over 100 repetitions of the 3 μm restricted pores over the length of the channel, as well as an unrestricted 15 μm path on each side of the restrictions, running the length of the channel. Dilute suspensions of particles were flowed through the devices via a syringe pump at a constant rate of 60 μL/min. The rhodamine dye-labeled particles could be tracked as they traveled through the channel of the microfluidic device using an inverted fluorescent microscope focused on restrictions close to the outlet of the channel. We found that moderate (R ≤ 2.8) loading of Hb had no noticeable effect on the ability of the particles to deform to elongated shape and navigate the pores (see image sequence in Figure 6B ). The shape change of the particles was reversible as after coming out of the pores they could return to the original disk shape. (Video 2 in SI). However, when the R increased to 5.1, the majority of the stiffer particles became lodged in the entrances to the pores ( Figure 6C ), although a minor fraction of the particles could still pass through (Video 3 in SI). Therefore, with a loading ratio of Hb as high as 2.8, the RBCM particles were still very deformable.
A high concentration of Hb in a HBOC fluid is necessary to fulfill oxygen transport targets. We could concentrate the Hb-RBCM particles by centrifugation in order to increase the overall Hb concentration. However, a fluid packed with very high density of Hb-RBCM particles may become very viscous, and hence, is inappropriate for transfusion. To mimic the hematocrit (i.e., packed cell volume fraction) of blood (40− 45%), we spun down particles and decanted to obtain a pellet with a volume fraction around 40%. While the fluid with particles whose R = 2.8 became quite viscous at this packed particle volume fraction (PPVF), particles with R = 1.3 could flow easily at the same PPVF, with the overall Hb concentration in the suspension to be 5.2 g/dL. The viscosity of this fluid was evaluated using a rheometer that could control the shear rate and measure the corresponding shear stress and viscosity. As a control, collected mouse blood (in heparinized tube to avoid clotting) was also subjected to the rheometer. By ramping the shear rate from 0.1 to 1000 1/s, covering the shear rates found in blood flow, 55 the rheological properties of the Hb-particle suspension and mouse blood were compared as in Figure 6D . As can be seen, over different shear rate ranges, the shear stress and viscosity of the Hb-RBCM fluid was always lower than those of the mouse blood. When we compared the same Hb-RBCM fluid to blood from a second mouse, the viscosity was only slightly higher than that of the mouse blood at the low shear rate range (<10 1/s), while at higher shear rate the Hb-RBCM fluid was thinner than the mouse blood (see Figure S5 ). The Hb-RBCM fluid displayed rapid decrease in viscosity leading to a local maximum in the stress ( Figure 6D ), which may indicate phase separation and formation of shear band. 56, 57 This behavior will be investigated in future work.
To test if the particles can survive at high shear rate, the same suspension (R = 1.3, [Hb] = 5.2 g/dL) was sheared on the rheometer at a constant rate of 1,000 1/s for 10 min, and the resulting suspension was observed under optical microscopy to check the integrity of the particles. The particles were indeed intact after shear as shown in Figure 6E . When the suspension was spun down, the supernatant was completely colorless, indicating no release of dye or Hb because of particle breakdown.
Cytotoxicity of the RBCM Particles. Human vascular endothelial cells (HUVEC) and HeLa cells were chosen as in vitro models to assess the cytotoxicity of the RBCM particles. To investigate the possible effect of CEA on cytotoxicity, RBCM particles with even higher content of CEA (20 and 50 wt %; Figure S6 ) were also fabricated following similar procedure for the 10 wt % CEA particles, and were dosed to the cells. Hb-RBCM particles (R = 2.8) with and without reduction of metHb were also dosed to both cell lines. To ensure similar numbers of Hb-particles dosed to the cells, the concentration of the Hb-particle suspensions were calculated based on the weight of polymers only, excluding Hb. After incubation the cells with different particles for 72 h, the cell viability was quantified by the MTS assay. The results in Figure  7 show that, for both cell lines, unloaded particles had minimal cytotoxicity, although with more CEA the cell viability was slightly lower. Unreduced Hb-RBCM particles showed cytotoxicity to both cell lines, probably because of the oxidative stress from metHb in the particles. 58 For reduced Hb-RBCM particles, in the lower dose range, there is little cytotoxicity, while at higher dose, the viability of the cells decreased with increasing particle concentration, possibly due to higher metHb formed in the cell culture. Therefore, for our goal to increase the loading of Hb into RBCM particles by charging particles with more CEA, the biocompatibility issue of the resulting particles would rely less on CEA, but more on the metHb level in the particles. We already started to investigate incorporating ROS scavenging enzymes to solve this issue for future application.
■ CONCLUSIONS
Here we have demonstrated the synthesis of RBC-like hydrogel microparticles that retain their deformability with covalently bound bovine Hb, which retained native secondary structure, homogeneously distributed throughout the particle matrix. The particles could be loaded with over 70 wt % Hb (loading ratio R = 2.8) and the metHb level under aerobic conditions could be controlled to be less than 10% within 10 days. We demonstrated that Hb in the particles could bind oxygen when carbonized Hb in the particles was purged with air. For the in vivo application of HBOCs, the P 50 value and Hills coefficient of hemoglobin are important and we plan to study the Hb-particles regarding oxygen binding under different partial pressures of oxygen soon.
The method of protein loading reported here should be general with respect to other proteins of similar or smaller size to Hb due to the ubiquitous presence of the lysine residues essential to the conjugation reaction, as BSA was also successfully loaded into the particles. For protein-based therapeutic delivery, it is often necessary to deliver the protein into specific cells; our strategy reported here may not be suitable for such purposes because the protein is covalently conjugated. However, we can use a cleavable bond to conjugate proteins of interest into the RBCM particles to enable the slow release of active proteins, such as insulin, anti-TNF antibodies. Advantageously, the loading of proteins to the RBCM particle matrix are carried out in aqueous conditions, avoiding potential solvent based denaturation of protein. 59 Given that hemoglobin, a 64 kDa protein (∼8 nm in hydrodynamic diameter), uniformly distributes throughout the lightly cross-linked RBCM particles, we can infer a large pore size for these particles. Therefore, reducing agents like ascorbic acid may only work when the particle fluid is stored, while not working effectively after injection of the fluid. We are now investigating another strategy for maintaining low metHb level over time: larger enzymes that act on Hb found in RBCs to regulate metHb level, such as superoxide dismutase (SOD) and catalase (CAT), could be conjugated to the particles through Figure 7 . Cytotoxicity of the RBCM particles tested on (A) HUVEC and (B) HeLa cells after 72 h. RBCM particles with 10, 20, and 50 wt % CEA, but unloaded with Hb were studied to assess the biocompatibility of CEA. Hb-conjugated particles (10 wt % CEA; R = 2.8) with metHb reduced were tested with their unreduced counterparts. All the particles studied were prepared into 1 mg/mL PBS suspension with regard to the weight of polymers in the particles; therefore, for Hb-conjugated particles, at every dose regarding particle concentration, the numbers of particles dosed should be similar to that of unloaded 10 wt % CEA particles. the same conjugation chemistry, but at much lower concentration (still effective, but helps control the cost). Chang et al. polymerized SOD, CAT with Hb to obtain polyHb-SOD-CAT using glutaraldehyde, which prevented problems related to oxidation of Hb. 60 Inclusion of a low amount of these enzymes into the particles may be efficacious in scavenging ROS, resulting in a low level of metHb over a long time even under aerobic conditions.
Another virtue of the current method is that the modulus of the particles is not overly compromised with a moderate extent of conjugation (R = 2.8), as studied by microfluidic devices. While added Hb could act as cross-linker to shrink the particles and increase the modulus, this effect was not observed to be dramatic except for cases with very high loading of Hb. This may be due to inclusion of Hb without the formation of crosslinks because of a low density of reactive sites on the RBCM particle. Hb-RBCM particles (R = 1.3) could also survive high shear rate (up to 1000 1/s) as the particle remained intact after the suspension with 5.2 g/dL Hb was sheared for 10 min.
In the conjugation study, only microgels with 10 wt % CEA were used to load Hb. We hope to further increase the loading ratio of Hb into particles with more CEA. Conjugation of Hb likely altered the surface characteristics of the particles, which could affect the fluid properties of the resulting suspension. We found that, at the same packed particle volume fraction, the fluid of particles with R = 2.8 was more viscous than fluid of particles with R = 1.3, which had similar viscosity to mouse blood when packed into a suspension with [Hb] = 5.2 g/dL. It is interesting to see if we can increase the amount of CEA in particles to elevate the loading ratio of Hb, while still maintaining low viscosity in the final suspension with [Hb] close to 10 g/dL. The surface change of the particles may also have interesting effects on the in vivo behavior of these particles compared to the unmodified gels and we are planning to investigate this. Overall, we believe that our Hb-loaded RBCM particles provide a promising start toward the next generation of blood substitutes.
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